ABSTRACT: The development of the axial muscles was investigated in Atlantic herring Clupea harengus from 2 spring-spawning (Clyde and Blackwater) and 1 autumn-spawning (Manx) populations in 2 successive years. The results indicate significant developmental differences between stocks. Myofibril synthesis and the development of acetylcholinesterase activity at the neuromuscular junctions occurred later with respect to embryonic stage at 5°C than at 8 and 12°C in Clyde herring, with much less pronounced differences between temperatures for the other populations. In a second series of experiments, Clyde herring were incubated at 5 and 12°C until shortly after hatching, and then reared at ambient temperature in triplicate tanks. The 5°C group had a faster growth rate than the 12°C group with respect to effective day-degrees from hatch. However, flexion of the notochord and the development of the dorsal and anal fin ray muscles occurred at shorter body lengths in the 12 than 5°C groups. The maximum escape velocity of larvae during fast-starts was determined using a high-speed video. Over the size range 11.2 to 18.5 mm total length, the adjusted mean maximum velocity was 24% higher in larvae hatched from 12 than 5°C eggs. Cruising swimming behaviour also differed between groups with the 12°C larvae showing reduced yaw relative to the 5°C larvae, indicating a more developmentally advanced sub-carangiform style of locomotion.
INTRODUCTION
Populations of Atlantic herring Clupea harengus L. from the North Sea, Baltic, Norwegian Sea and Iceland spawn in almost every month of the year over a wide range of sea temperatures (Parrish & Saville 1967) . Atlantic herring show a high homing fidelity to their spawning grounds (Wheeler & Winters 1984) , although there is evidence that spring spawning herring may turn into autumn spawners and vice versa (Anokhina 1971) indicating at least some gene flow between populations. Indeed, genetic studies using allozymes and mitochondrial markers indicate relatively little structuring between stocks (Jørstad & Naevdal 1981 , Grant 1984 , Ryman et al. 1984 , with the exception of isolated deep-water resident populations in Norwegian fjords (Jørstad et al. 1994 , Turan et al. 1998 . For example, Dahle & Erikson (1990) , using restriction fragment length polymorphism (RFLP) analysis, found no genetic differentiation between autumn and spring spawning populations of herring in the North and Baltic Seas. In contrast, a rich diversity of stocks can be identified on the basis of place and time of spawning and meristic characters including the numbers of vertebrae, fin rays, keeled scales, gill rakers and otolith fine structure (Parrish & Saville 1967 , Rosenberg & Palmén 1982 .
The number of white muscle fibres per myotomal crosssection also shows significant differences between different spawning stocks that are consistent over several years (Greer-Walker et al. 1972) . This lack of correspondence between the patterns of genetic and morphological variability (Ryman et al. 1984) can partly be explained by phenotypic plasticity during early development. Myotome and fin ray numbers have been shown to be particularly sensitive to temperature and salinity during the embryo stages (Hempel & Blaxter 1961) . It is also possible that the differences in muscle fibre number between herring populations have a developmental explanation. The number of white muscle fibres per myotome increases from a few hundred in yolk-sac larvae to tens of thousands in sexually mature individuals (Greer-Walker et al. 1972 , Vieira & Johnston 1992 . The nuclei for fibre recruitment are thought to be derived from a population of undifferentiated myogenic cells called satellite cells (Koumans & Akster 1995 , Johnston 1999 . For Clyde herring, the density of presumptive muscle satellite cells (Johnston 1993) and subsequent patterns of muscle growth were shown to be a function of egg incubation temperature .
The temperature regime during embryonic development can have temporary as well as long-lasting effects on larval phenotype (Johnston et al. 1996) . Muscle pioneer cells are the first fibres to develop myofibrils and become innervated in the trunk (Halpern et al. 1993) . In Clyde herring, the relative timing of muscle and neural development during the embryo and early larval phases has been shown to be a function of temperature (Johnston et al. 1995 (Johnston et al. , 1997 . For example, embryonic isoforms of the myofibrillar proteins, myosin light chain 2, troponin I and troponin T were replaced by adult isoforms at longer body lengths at 5 than 12°C (Johnston et al. 1997) . The development of acetylcholinesterase activity at the nerve terminals of the trunk muscles was shown to start in 31-somite stage embryos at 12°C, but not until approximately the 40-somite stage at 5°C (Johnston et al. 1997 ). In the larvae, a single superficial layer of slow muscle fibres surrounds an inner core of fast muscle fibres (Batty 1984 , Vieira & Johnston 1992 . Initially, neuromuscular junctions were only present at the myoseptal ends of slow muscle fibres. The appearance of the adult pattern of multiple terminal innervation to slow muscle occurred in larvae of 12 to 14 mm at 12°C, but not until 16 to 19 mm length at 5°C (Johnston et al. 1997) . These results show that temperature variation during the early stages of ontogeny can uncouple growth and differentiation. In Clyde herring, such transient effects of temperature on development have largely disappeared in larvae greater than 22 mm total length (TL) ).
The present study was designed to test 2 hypotheses. First, that developmental responses to temperature are similar in spring spawning (Clyde and Blackwater) and autumn spawning (Manx) populations, reflecting the lack of genetic structuring between stocks. To test the hypothesis, eggs from each population were incubated at the same constant temperatures (5, 8 and 12°C) , which included the natural range for each stock. In the Firth of Clyde, Clyde herring spawn in March at 10 to 20 m depth, experiencing average temperatures ranging from 4.8 to 10°C depending on natural climate variability (Jones & Jeff 1991) . Herring enter the Blackwater estuary to spawn in shallow water (2 to 10 m) over an extended period from mid-February to late April during which time the mean sea temperatures warm from 6 to 10°C. Embryos from this stock experience periods of reduced salinity and a pronounced tidal cycling of around 2°C (Temple et al. 2000) . The Manx stock spawn at 30 m on the Douglas Bank in late September/early October when sea temperatures in the Irish Sea approach their seasonal maximum of 10 to 14°C (Bowers 1969, A Geffen pers. comm.) .
The second hypothesis tested was that changes in the relative timing of neuromuscular development at different temperatures in Clyde herring would have significant functional consequences in terms of performance and swimming style during the early larval stages. Performance was assessed by examining maximum velocity during fast-starts whilst swimming style was investigated by measuring the yaw of the head during steady swimming. As herring larvae increase in length they alter their swimming style to suit the hydrodynamic regime (Batty 1984 , Blaxter 1988 . Prior to the development of median fins, an anguilliform style of locomotion is used in which large amplitude body movements occur over most of the body (Batty 1984) . In larvae greater than 22 mm TL, a sub-carangiform style of swimming is adopted in which the amplitude of body movements increases markedly towards the tail (Batty 1984) .
MATERIALS AND METHODS

Production of embryos. Mature Atlantic herring
Clupea harengus were caught by trawling. Spawning stocks from the Firth of Clyde on the west coast of Scotland and the Blackwater Estuary on the east coast of England were sampled during March. The autumn spawning Isle of Man (Manx) population was sampled on the Douglas Bank, Irish Sea, during late September. All 3 populations were sampled in 1997 and in 1998. The dissected gonads were returned on ice to the Dunstaffnage Marine Laboratory (Clyde source population) or the Gatty Marine Laboratory (Blackwater and Manx source populations). The eggs from 6 fe-males per source population were fertilised on individually labelled microscope slides using the milt from 6 males to create 6 families in each year. A second batch of eggs was fertilised 12 h later so that all stages of embryonic development could be studied conveniently during the working day. The slides of fertilised eggs were incubated in slide holders in black-walled tanks at constant temperatures of 5, 8 and 12°C (0.5°C range) (10 h light:14 h dark) as described in Johnston et al. (1997) . Samples of 20 eggs per family were dried at 60°C for 24 h and individually weighed to determine the average egg dry mass per family.
Larval rearing. Mature Atlantic herring were caught in the Firth of Clyde during March 1998. The dissected gonads were returned on ice to the Dunstaffnage Marine Laboratory. The eggs from more than 20 females were fertilised with the milt from approximately 10 males as previously described (Johnston 1993) . The fertilised eggs were incubated on large glass plates in triplicate 500 l black-walled tanks at constant temperatures of 5 and 12°C (0.5°C range) (10 h light:14 h dark). Fish were fed to excess with rotifers for the first few days after hatching and subsequently fed ad libitum with live Artemia sp. enriched with SuperSelco™ (INVE, Gent, Belgium). Prey densities were approximately 1000 l -1
. Once the fish began to feed, the temperature was switched to that of the ambient seawater supply (Fig. 1) . The larvae were sampled from each tank at intervals and their standard length (SL) and total length (TL) measured. To obtain a measure of growth that was independent of temperature the number of effective day-degrees (D°e ff ) was calculated (Weltzien et al. 1999) . D°e ff was calculated as follows:
where ∆t is the growth period in days, T is the temperature in °C and T o is the threshold temperature at which development is theoretically arrested (obtained from the relationship between temperature and 1/time to 50% hatch of the embryos) (Weltzien et al. 1999) .
Observations of living embryos. The formation of myofibrils within the muscle fibres was investigated in live embryos using Differential Interference Contrast (DIC) (Nomarski) microscopy. Slides were removed at intervals and examined in petri dishes before being returned to the rearing tanks. Frequent changes of seawater, maintained at the temperature of the rearing tank, were made to avoid heating during observations. After the 30-somite stage, some of the eggs were scraped from the slide with a razor blade and the embryos removed from the egg capsule using fine forceps. The embryos were killed with an overdose of bicarbonate-buffered tricaine methanesulphonate (MS222) and mounted in glycerol under glass coverslips supported by silicone grease at each corner. Each sample contained a selection of the different families. The position of the most posterior somite containing myotubes and myofibrils were noted along with the somite stage of the embryo at a magnification of ×400 using a Leitz DMRB system microscope. Myofibrils were identified by the presence of cross-striations. Although somite stage provides a reliable method of assessing the degree of development of herring embryos (Hill & Johnston 1997a) , it cannot be used after the completion of segmentation. Embryos were therefore staged with respect to the number of somite intervals (si) from the development of the first somite (Hill & Johnston 1997b ). The somite interval, the time required to add 1 somite pair, was calculated from plots of somite stage versus age post-fertilisation. The first 62 si are equivalent to the somite stage of the embryo.
Acetylcholinesterase staining. Embryos and larvae were killed with an overdose of bicarbonate-buffered MS222 and washed in phosphate-buffered saline (PBS). Samples were fixed for 6 to 12 h in 4% (m/v) paraformaldehyde in 0.12 mmol l -1 phosphate buffer, pH 7.2 at 4°C. The samples were washed in phosphate buffer and made permeable by incubation for 2 h in 1% saponin (m/v) in 0.12 mmol l -1 phosphate buffer, pH 7.2 at 4°C. After exhaustive washing in phosphate buffer, fish were stained for acetylcholinesterase (AchE) activity by the method of Karnovsky & Roots (1964) as previously described (Johnston et al. 1997 ). The staining reaction was stopped by rinsing specimens in PBS. Samples were mounted under glass coverslips in glycerol and photographed using a Leitz DMRB system microscope fitted with Nomaski optics and a polarising filter. Swimming experiments. Larvae were filmed between 34 and 63 d post hatch when TL ranged from 11.2 to 18.5 mm. Filming was carried out in an airconditioned room where the temperature was set to that of ambient seawater. During the period of filming, the seawater temperature increased from 8.4 to 9.5°C. However, larvae of a given length were filmed at the same temperature in both groups. Larvae were placed in a 190 × 190 × 50 mm (length × width × depth) tank and left to settle for 30 min prior to filming. Fast-starts were elicited by introducing a pipette tip into the arena. Larvae were filmed from directly above the swim tank using a high speed video (HSV-400, NAC Inc., Japan) at a frame rate of 200 s -1 . Illumination was provided by a stroboscopic lamp, which was synchronised with the video system and reflected by a halfsilvered mirror onto the Scotchlite base of the swim tank to provide silhouettes of the larvae.
Steady swimming behaviour was also investigated using a standard video recorder set directly above the rearing tanks. Illumination was provided by a submerged infrared light. Filming was carried out at 8.4°C when the average TLs of the larvae were 12.8 ± 0.3 mm (n = 21) for the 12°C group and 12.8 ± 0.2 mm (n = 11) for the 5°C group (± SEM).
Kinematic analysis was carried out using Mathematica version 4.0 (Wolfram Research Europe Ltd, UK) and following the principles of Wakeling & Johnston (1998) whereby velocity was determined from the displacement of the centre of mass of the fish. Prior to analysing the sequences, it was necessary to establish the mass distribution along the fish. The method used assumes the fish to have an elliptical profile in cross section and the volume distribution to approximate the mass distribution. Following an escape response, individual larvae were transferred to a petri dish containing seawater where longitudinal and planiform images were captured with a standard video and TL recorded. The coordinates around the outline of each image were obtained using NIH Image version 1.52 (NIH, USA). The masses of 10 equally spaced segments were calculated from the width, depth and longitudinal dimensions of each segment and expressed as non-dimensional mass. Forty escape response sequences were digitised via a Win/TV image grabber card (Hauppauge, UK). Ten points were digitised from snout to tail tip down the centre of each larva. The position of the spine was calculated from these points using a cubic spline function. The centre of mass was calculated for each frame using the positions of the centres of the 10 equally spaced segments along the spine and their masses. Lengthspecific velocity was calculated from the displacement of the centre of mass. The x and y position data were smoothed using piecewise cubic regressions and absolute maximum velocity (U max mm -1 ) was recorded for each escape response.
The yaw of the head during steady swimming behaviour was determined in 17 larvae. The yaw was calculated as the total angle the head turned from one side to the other over a tail beat. The x and y coordinates of the tip of the snout and a point just posterior to the head were digitised as described above over a minimum of 5 changes in snout direction.
Statistical analysis. Embryonic development: Multiple regression analysis was used to investigate the degree of association between the explanatory variables and the response variable (Weisberg 1985) . Factors amongst the explanatory variables were: population source (pop) (1 = Clyde, 2 = Blackwater and 3 = Manx), rearing temperature (temp) (1 = 5°C, 2 = 8°C and 3 = 12°C) and year (1 = 1997, 2 = 1998). The covariates investigated were egg dry mass (egg) and the somite-interval (si) of the embryos. Response variables, the number of somites containing myofibrils and AchE staining at the myosepta, were modelled separately. Different model selection techniques were used with and without suspected outliers being included. Results, as far as the final model selected, were consistent between the different selection techniques that did or did not include suspected outliers. The statistical modelling results reported were based on backward elimination (Krzanowski 1998) . The elimination of a main effect of a factor or covariate was not considered until all interactions involving the factor of interest were eliminated. The selection criteria were based on the C p statistic. This statistic provides a convenient criterion for determining whether a model is improved by dropping a term. If any term had a C p statistic lower than that of the current model, the term with the lowest C p statistic was dropped. If the current model had the lowest C p statistic, then the model was not improved by dropping any term. The interactions considered in model selection were: After the final model was selected, 3 models were fitted: (1) Blackwater and Manx were pooled into 1 population and Clyde was kept separate; this was done by substituting the variable pop 1 for pop in the final model; (2) Clyde and Manx were pooled into 1 population and Blackwater was kept separate, this was done by substituting the variable pop 2 for pop in the final model; and (3) Blackwater and Clyde were pooled into 1 population and Manx kept separate; this was done by substituting the variable pop 3 for pop in the final model. If the F-statistic was not significant for a population grouping, then there was evidence that the 2 populations could be pooled. If the F-statistic, derived when population i was grouped with one of the other 2 populations, was higher than for population i alone, then there was evidence that population i had a stronger association with the difference in the response variable than the other 2 populations.
Larval development: Analysis of covariance (AN-COVA) was used to compare the effects of different egg incubation temperatures on the subsequent development of the innervation to the fin ray muscles with larval total body length as a covariate.
Swimming experiments: Linear regressions (aTL b ) were calculated on log transformed data using least squares regression analysis. The significance of all regression lines was assessed using the ANOVA Fstatistic. The effect of initial rearing temperature on the slopes and elevations of U max was tested with an ANCOVA (Zar 1996) . Maximum angles of yaw were compared between groups using a 1-way ANOVA. Tests were considered significant at the 95% confidence level.
RESULTS
Egg dry mass
The average and range of values (in brackets) of egg dry mass (mg) in the herring families studied were as follows: Manx 1998: 0.42 ± 0.066 (0.32-0.51) (Mean ± SD, n = 6). There were no systematic differences in mean egg size between the families selected from the different populations studied.
Egg incubation temperature and myogenesis
Somites were formed in a rostral to caudal direction starting at the early neural plate stage. The somite stage of the embryo was plotted against time postfertilisation to calculate the time required to form 1 somite pair (data not illustrated). The rate of somite formation varied from 1 pair every 2.6 to 4.2 h at 5°C to 1 pair every 0.9 to 1.5 h at 12°C, with no consistent differences between years and/or populations. The synthesis of myofibrils showed a rostral to caudal progression, starting in the mononuclear muscle pioneer fibres at the level of the major horizontal septum and progressing to the adjacent multi-nucleated myotubes (Fig. 2B) . The development of myofibrils in the most caudal somites did not occur until after all the somites had been formed and therefore embryos were staged using the number of somite intervals (see 'Materials and methods'). AchE staining was first observed in the cell bodies of primary motor neurones ( Fig. 2A ). There were 3 primary motor neurones per somite ( Fig. 2A) . Typically, 8 to 13 cell bodies were stained before any AchE activity was detected at the myosepta ( Fig. 2A) . Since comparatively few embryos were found with fewer numbers of somites stained, it is likely that AchE activity at the neuromuscular junctions developed almost simultaneously in the first 8 to 13 somites. Subsequently, there was a rostral to caudal progression of AchE staining at the myosepta, which gradually intensified as embryogenesis progressed (Fig. 2C) .
The relationship between the most posterior somite with myofibrils and somite-interval for the different incubation temperatures and source populations is shown in Fig. 3 , and the corresponding regression equations are given in Table 1 . A convenient way to display the results is to calculate the somite interval at which the first 20 somites contained myofibrils (Fig. 4) . For the Clyde population at 5°C, 20 myotubes contained myofibrils in 50-somite stage embryos in 1997 and in 44-somite stage embryos in 1998 (Fig. 4) . Myofibril synthesis occurred earlier with respect to somite interval at 8 and 12°C (Figs. 3 & 4) . On average in Clyde herring, 20 myotubes had developed myofibrils by the 39 to 41 somite stages at 8 and 12°C in both years (Fig. 4) . For the Blackwater and Manx source populations, there was more consistency in results between years, with a similar though much less pronounced trend for myofibril formation to occur at later somite stages at 5 rather than 12°C (Fig. 4) . Multiple regression analysis and backward elimination model selection resulted in the dropping of the explanatory variables of pop × year, pop × year × temp, egg × pop and egg × year. The significance levels in the final model selected are shown in Table  2 . Significance levels were calculated using the F-statistic when variable and all higher order interactions involving that variable were dropped from that model. The factors of pop, temp and year and the covariate of egg were all significant (Table 2 ). There were also significant pop × temp and year × temp interaction terms (Table 2) . The results for grouping the populations for the response variable myofibrils are shown in Table 3 . The lowest F-statistic was obtained when the Blackwater and Manx populations were pooled and treated as if coming from 1 population and the Clyde was treated as a separate population (Table 3) . Since the F-statistics for each popula-tion grouping were significant none could be pooled. The results indicate that Clyde herring accounted for the greatest amount of difference between populations, but that they were all significantly different from each other.
The relationship between the number of somites with AchE staining at the myosepta and somite interval is shown in Fig. 5 and Table 4. In the Clyde population, the development of AchE staining at the myosepta was markedly delayed with respect to somite stage at 5°C compared to 8 or 12°C (Fig. 6) . For example, 20 somites had AchE staining at the myo-septa at the 39-somite stage at 8°C, compared with the 45 to 48-somite stage at 5°C (Fig. 6) . In contrast, the development of AchE staining at the myosepta was relatively independent of temperature for embryos from the Blackwater and Manx source populations (Fig. 6) . The levels of significance in the final multiple regression model selected are shown in Table 5 . The egg × year explanatory variable was dropped from the final model. Egg, pop, temp and year were all significant factors in the final model, with a number of significant interaction terms (Table 5) . The results for grouping the populations are shown in Table 6 . Once again, the lowest F-statistic was obtained when the Blackwater and Manx populations were pooled and treated as if coming from 1 population and Clyde was treated as a separate population (Table 6 ). Clyde herring therefore accounted for the greatest amount of difference between the populations although all were significantly different from each other. 
Consequences of egg incubation temperatures for larval development
The relationship between the rate of embryonic development (V ) in Clyde herring and temperature is shown in Fig. 7A , where V = 1/time to 50% hatch in days. The data were taken from the present study and the literature. The extrapolated temperature at which V was equal to 0 was 1.1°C (calculated from the linear regression equation in Fig. 7A ).
Fish were incubated at nominal temperatures of 5 and 12°C until first feeding and then transferred to ambient temperature (Fig. 1) . In an attempt to provide a measure of development normalised for differences in temperature post-first feeding the effective day degrees (D°e ff ) for each group was calculated. The relationship between larval standard length and D°e ff for the 5°C (S) and 12°C (d) groups is shown in Fig. 7B . ANCOVA with D°e ff as covariate (F 1, 287 = 727.7; p < 0.0001) revealed a significant main effect of egg incubation temperature on standard length (F 1, 287 = 87.23; p < 0.0001). The specific growth rate (G o ) in standard length of the 2 groups was calculated according to the formula:
where SL is the standard length (mm) of the larvae at time t (days), SL o is the SL of the larvae at transfer to 291 Fig. 3 . Clupea harengus. Myofibril formation at different temperatures in embryos of Atlantic herring. The relationship between the most posterior somite with myofibrils and the somite interval of the embryo is illustrated for the Clyde (D), Blackwater (S) and Manx (M) spawning populations in 1997 and 1998. Each point represents a measurement from an individual embryo. First order linear regressions were fitted to the data ambient temperature and D°e ff is the number of effective day-degrees between SL t and SL o . For the 5°C group, G o until 242 D°e ff was 0.26% compared with 0.18% for the 12°C group until 222 D°e ff. Therefore, in terms of D°e ff , fish hatching from eggs incubated at 5°C grew more quickly with respect to BL than fish from 12°C eggs (Fig. 7B) .
However, differentiation proceeded more rapidly with respect to growth in body length in the 12°C than in the 5°C group (Fig. 8) . For 10 larvae per group of approximately 16 mm body length, flexion of the notochord was complete in 80% of the 12°C fish but in none of the 5°C fish (Fig. 8A,B) . In larvae of this body length the actinotrichia in the caudal fin and the development of the deep ventral flexor (DVT) muscle were also more advanced in the 12°C than the 5°C group (Fig. 8A,B) . The 12°C larva of 16.2 mm illustrated in Fig. 8B had a total of 8 anal fin ray muscles showing AchE staining compared to none in the 5°C larva of the same length (Fig. 8A) . Flexion of the notochord was not complete until 18 mm in the larvae hatching from 5°C eggs. The development of the deep ventral flexor (DVT) and hypochordal longitudinal muscles (HLM) are shown in Fig. 8C ,D. The development of the DVF and HLM muscles in an 18.3 mm larva at 5°C was only slightly more advanced than that in a 14.9 mm larva at 12°C (Fig. 8C,D) . The number of dorsal fin ray muscles with AchE staining is illustrated in Fig. 9A . An ANCOVA revealed a sig- Differences in the development and innervation of the anal fin ray muscles between temperature groups are illustrated in Fig. 10A to F. Typically in the 5°C larvae, no fin ray muscles were present by around 16 mm TL (Fig. 10A ), compared with 5 or 6 in the 12°C larvae of the same length (Fig. 10B ). Neuromuscular junctions staining for AchE activity were observed at both ends of the muscle in the 12°C larvae (arrowheads in Fig. 10B ). Fig. 10C shows a 5°C larva of 18.1 mm with 6 innervated anal fin ray muscles compared to 8 in a smaller larva of 16.6 mm from the 12°C group (Fig. 10D) . The full complement of innervated fin ray muscles was present in larvae of 21 to 22 mm total length in both temperature groups (Figs. 10E,F & 9B) . The relationship between larval length and the number of anal fin ray muscles innervated is shown in Fig. 9B . ANCOVA revealed significant main effects of temperature (F 1, 26 = 13.16; p < 0.001) over the length range studied (covariate body length F 1, 26 = 26.77; p < 0.0001). It should be noted, however, that with respect to D°e ff differentiation proceeded slower in the 12°C than the 5°C group since the 12°C larvae took longer to reach a given SL than the 5°C larvae.
Swimming performance
U max increased significantly with length for both temperature groups (5°C: -3.12TL , r 2 = 0.48, p = 0.001, Fstatistic) (Fig. 11) . ANCOVA revealed no significant differences in the values of slope exponent b between temperature 8°C (1997) and 5°C, which were fitted to a second order polynomial. Note that the early samples of Manx herring at 12°C were accidently lost for 1998 and so the somite stage at which the 20 most rostral somites had AchE could not be calculated (see Fig. 6 ) groups. However, initial rearing temperature had a significant effect on intercepts a (p = 0.0007, ANCOVA). Adjusted mean U max was 24% higher in the 12°C group than the 5°C group (Fig. 11) . At 12 mm when differences in the stiffening elements of the median fins were most pronounced between groups, U max was 40% higher in the 12 than 5°C fish. During steady swimming the maximum yaw of the head in larvae of around 13 mm TL were significantly higher in the 5°C group (32.4 ± 3.8°, n = 10) than in the 12°C group (17.9 ± 2.3°, n = 7) (Mean ± SEM) (p = 0.006, 1-way ANOVA).
DISCUSSION
Previous studies with Clyde herring have found that the rostral to caudal progression of myofibril synthesis in both slow and fast myotubes begins at earlier somite stages as temperature is increased (Johnston et al. 1995 (Johnston et al. , 1997 . For example, in 50-somite stage embryos from the 1995 and 1996 spawning seasons, myofibrils were present in the muscle pioneer fibres of the first 31 somites at 12°C, but only in the first 20 somites at 5°C (Johnston et al. 1997) . We obtained similar results for Clyde herring in each of the years studied, suggesting a highly consistent response to temperature by this spawning stock. By the 56-somite stage, the density of myofibrils in the fast fibres of rostral somites was found to be significantly greater at 15 than 5°C (Johnston et al. 1997) . However, by hatch, the volume density of myofibrils in the fast muscle fibres of Clyde herring was relatively independent of temperature (Vieira & Johnston 1992). Temperature also affected the timing of development of motor innervation in Clyde herring embryos (Figs. 5 & 6) . In particular, AchE staining at the neuromuscular junctions of the axial muscle fibres appeared later with respect to somite intervals at 5 than 8°C (Fig. 6) , as was reported previously for the 1995 and 1996 spawning seasons (Johnston et al. 1997) . On the basis of the genetic homogeneity reported for herring stocks (Ryman et al. 1984 , Turan et al. 1998 , we tested the hypothesis that a similar plasticity of neuromuscular development would be observed in other spawning populations. Multiple regression analysis and backward elimination of response variables indicated significant effects of pop, temp, egg and year on the development of myofibrils and AchE activity. Multiple regression with groups of populations indicated that Clyde herring accounted for most of the differences in the final model selected (Tables 3 & 6) . Although the formation of myofibrils was delayed with respect to somite stage at 5°C compared to 12°C in the Blackwater and Manx populations, the effect was much less pronounced than for Clyde herring (Fig. 4) . Furthermore, the development of AchE staining at the myosepta occurred at a similar somite-stage at all temperatures in the Blackwater and Manx populations, in marked contrast to the results for Clyde her- (1) Vieira & Johnston (1992) , (2) Johnston (1993) , (3) Johnston et al. (1995) , (4) Johnston et al. (1997) , (5) Yin & Craik (1992) ; (6) present study 1997 spawning season; and (7) present study 1998 spawning season. (B) Growth of Clyde herring larvae reared at either 5 (S) or 12°C (d) until first feeding and then transferred to the ambient temperature regime shown in Fig. 1 . The standard length of larvae (mm) was plotted against the accumulative effective day degrees of development (D°e ff ) (see text for details). Values represent mean ± SE. The number of larvae sampled is shown in brackets (Fig. 6) . Thus, the data obtained did not support our original hypothesis of a similar developmental response to temperature in the different spawning stocks. Egg dry mass is known to differ between herring spawning populations, with larger eggs producing longer larvae (Blaxter & Hempel 1963) . The relative importance of parental genotype and maternal environmental effects in determining egg size in herring is unknown (Morley et al. 1999) . Egg dry mass was a significant covariate for the development of myofibrils and AchE staining in our model. However, egg dry 297 Fig. 10 . Development of innervation to the anal fin ray muscles in Clyde herring. Whole mount larvae were stained for acetylcholinesterase (AchE) activity and photographed using DIC optics. (A,C,E) larvae reared at 5°C until first feeding and (B,D,F) larvae reared at 12°C until first feeding. All groups of larvae were reared at ambient seawater temperature following first feeding (see Fig. 1 ). The total body length of the larvae is shown in the bottom right-hand corner of each panel. The arrowheads illustrate muscle endplates stained for AchE activity. Open arrowheads illustrate actiotrichia strengthening the anal fin. Abbreviations: a: anus; frm: fin ray muscle; ms: myosepta. Scale bars = 200 µm mass cannot explain the observed population differences since average values for the families studied were not significantly different.
There is a variety of evidence to suggest that genotype-temperature interactions are responsible for a substantial amount of variation in developmental characteristics (Mitton & Koehn 1976 , Beacham 1988 . Mitton & Koehn (1976) reared Fundulus heteroclitus (Cyprinodontidae) from the north of Long Island on the Atlantic seaboard of the United States at ambient temperatures and in heated water to determine patterns of variation in the morphology of offspring. Fish living in heated water exhibited a marked divergence in morphology from control fish and a convergence with wild populations living at more southerly latitudes. It was suggested that greater morphological variation in the heated water group was associated with a combination of a breakdown in developmental homeostasis and the selection of rare phenotypes within the population (Mitton & Koehn 1976) .
During the early larval stages of herring there are dramatic changes in body shape, fin development and style of swimming (Batty 1984) . When the larvae hatch at around 8 mm the body is circular in cross-section and a large primordial fin extends along the dorsal and ventral margins of the trunk. At this stage the larvae utilise an anguilliform mode of swimming in which the amplitude of body movements increases linearly along the body (Batty 1984) . The primordial fin is gradually absorbed as the dorsal, anal and caudal fins start to develop and has disappeared by the end of notochord flexion (Batty 1984) . Concomitant with these changes in body morphology, which are complete by around 22 mm, there is a gradual transition from an anguilliform to a sub-carangiform style of swimming in which the amplitude of body movements is less at the head but increases markedly towards the tail, and inertial forces dominate (Batty 1984) . As carangiform swimming becomes more important, the trunk becomes laterally compressed and the caudal fin acts as a flexible paddle transferring the power provided by the muscles to the water (Batty 1984) .
A remarkable finding in the present study was that variations in incubation temperature alone influenced the developmental programme for the median fins and associated musculoskeletal elements in larvae. Thus, the development of the tail fin and associated musculature occurred at shorter body lengths in larvae from eggs incubated at 12 than 5°C (Fig. 8A,C,D) . Egg incubation temperature also influenced the body length at which the dorsal and anal fin ray muscles developed and became innervated (Figs. 9 & 13) . The flexible segmented fin rays and associated muscles of teleosts play an important role in adjusting the stiffness and camber of the fins during locomotion and hence the transfer of the propulsive power generated by the muscles to the water (Videler 1993 , Plaut 2000 . We found evidence that the morphological differences between the 5 and 12°C groups of larvae were reflected in the body length at which the transition from an anguilliform to a sub-carangiform style of swimming occurred. Differences in the development of the median fins and associated musculature were also associated with changes in fast-start performance, such that larvae between 11 to 15 mm TL that were initially reared at 12°C had greater maximum velocities than larvae of the same length range reared at 5°C.
Our results indicate an uncoupling between the effects of temperature on growth and tissue differentiation. Similarly, previous studies with fish have shown that within the natural thermal range of a species an increase in rearing temperature usually accelerates growth and development and shortens the time for larvae to complete metamorphosis. For example, in Japanese flounder Paralichthys olivaceus the final stage of metamorphosis was completed at significantly shorter body lengths at 19 rather than 13°C (Seikai et al. 1986 ), consistent with a differential effect of temperature on growth and tissue differentiation. Similarly, the appearance of teeth in red drum Sciannops ocellatus larvae was accelerated by 25% in terms of TL at 26.5°C compared to 22.5°C, although other characteristics were less affected (Fuiman et al. 1998) . The use of effective degree days to normalise growth at different temperatures remains controversial (Fuiman et al. 1998) . Developmental effects on growth phenotype, such as those found in the present study, make it particularly difficult to gauge the effectiveness of such normalisations. How important is the maximum swimming speed of herring larvae for determining the outcome of predator attacks? Fuiman & Batty (1994) investigated the susceptibility of Clyde herring to predation by juvenile cod and herring. They found that between 14 and 24 mm TL predator errors rather than the evasive responses of the larvae determined predator-prey outcomes, probably due to the low levels of responsiveness of the prey. Larvae greater than 25 mm TL were more likely to respond to predator attacks and escape attempts increased in effectiveness (Fuiman 1989) , reflecting the increasing sophistication of the sensory systems and the filling of the otic bullae with gas (Blaxter 1988) . Blaxter (1988) has suggested that herring larvae less than 25 mm TL probably rely on their transparency to avoid encounters with predators and reduce their apparent target size. Thus, although the maximum length-specific swimming velocity of the 12°C larvae was superior to that of the 5°C group, this may be of little significance in terms of avoiding predation. However, the strike behaviour and velocity of herring larvae during feeding was found to be modified by rearing temperature (Morley & Batty 1996) , and perhaps by the mechanism(s) outlined in the present study.
In conclusion, our results showed that the thermal regime experienced by the eggs was a significant source of phenotypic variation in larval herring, although the response to temperature varied between different spawning populations. In the Clyde population the thermal regime to first feeding continued to exert an influence on the developmental programme of the median fins and associated musculature until 18.5 mm TL, with significant consequences for swimming style and performance. The hypothesis that such developmental plasticity influences feeding success requires future investigation.
